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ABSTRACT

Fer cerzain assumptions, ar aralysis of multiniz2 #AD,
signals results in a reasonable estimate for the lccaliza-
+2o2 of a target relativ2 tc +th2 MAD platfora. This |is
achieved by using selective approximations to 1linearizs an
ini+ially nonlinear probleam. The =simulation ignccss noise
and requires an eostipate of <+hz aagaitude of the <ar
magnetic moment comoorents. Resul®%s indicavte =ha<t =he b
localization astimates are achievel whan +h2 platfera is on
cardinal headings, and when <he =zargst moment has a stocng
vertical ccmponent.
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A. BACKGROUND

Ever since the operaticnal intzoduction of <the MAD
(Magnetic Anomaly Detecticn) syst2a in 1944, I+ has besrn 2
single sensor system limited *o indicating detection cnly.
The short =zranges of +the 2arly v2-sions allowsd a genaczl
localization if a signal was detect23. The us2 of mul+tirpie
sensors shoulld allow for a good =23stimate of the target's
location relative to *he sa2nsor pla-form, assuming tha+* the
arrangement of the sensors is such that the raceived signals
are linearly independent cof one andothar. Previous at%empts
to solv2 this problem have in gen2ral focused on <he use of
only two sensors, but di3 not dev2lop a usable solution *

o

o)
operational complation. #dork has bszan dcane on this topic by
Wynn et al., [Ref. 1], using a supsrconducting gradiometer
array. The measured signals in thair work wars subjec*zd %o
a novel sigral ©processing techniquas which, ia +he labora-
tory, vwas used to iavert the dipole £i2id equation to deter-
min2 both <¢he position ard the moasatr vactors 5f a dipcle
signal source. This +hesis approaches ths same ©problem by
simulatirg five standard zo*al field acasurements. As shown
ia Pigure 1.1, four magnetometers noving in parallel pa<hs
aTe used to ob+aiz these measur2ments. The advantage of ¢his
apprcach compared %#o that of Wynn 2t al. is <ha* it u+ilizss
existirg techrol>gy 3in <conjunction with arpreximatiorns,
d2lineated in Chapter 3, in ordizr <to produce a usabl:
r2sult.
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B. APPROACH

The problem of localizing a “arget from ary platicra
involves at lsast three unkaowns: ., Ty e and Ty the zo

nents of <+he position vector £rcm the plazfora = the
targe+. In the case of using MAD, three additional unknowns

m my, and m,, the ccmpcnents 5f <the target's magnezlc

x'
momant, are also involved. The result is that “hers are six
unknowns that must be solved for in order <o localirs 13
+argye* using MAD. Siacs 2 normal sizzd magrnetic targe carn
be approximated by *the magnetic i21d of a dipole [Ret 2],
iz was decided to use th2 dipols 2qua+ticn as descrit in
[Ref. 3] “o Jenerate the signals usad in <his simul: .
Equatioa 1.1 describes th= MAD signal, and will be deve_.oped
from th2 dipole =2gquation in chapter 2. Equazion 1.1 is ron-

S (f) S (%"m?y*mﬁ) /T3+3 (ng;‘l- VY"W (:‘e‘i-:'e,’d-:.e.‘) /oS (egn 1.1)

linear in the unknowas. The position vector ia =qnua*ion 1.1
is defined as going Zrom the targat zo +“he platform; *his i
a consaquence ¢f using <the dipolz 2quation, and will b=
explainad latsr.

Th2 cartesian c¢cordinaz

[
n
[\
"
1

i
Ths 2z axis is inp the dirsction of platzform mo*=ion, and =he
axis is vertical down. The ccapen2nts of ta2s earth's fiel

are assuasd <o ke kaown guenti-

i2s, Sipce it is very i1ifZficul:t to expliciztly solve a s=t
cf ron-linear equaticns in six unknowns, the orsblem will be
siaplified by making =2assunptions and dividing i< in=c :w
special cases. The first case is 3 ¢zivial oae irn which the
target's position is assumed known. PFor this case, =gquation

,!
.
A
1
h
i
“

1«1 is linear in the +*hre2 unknowns 2,, 0

- r [ 4

L

- +hr2e measureaents are lin2arly indspandent, <hen Crame:c's
; Rule, [Ref. 4], may be us2d =0 soive £or thess nnkacwns. The
y 10
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second cas2 is the mcre difficult >n=2, and
investigated in *nis thesis. Ia this cass,

mad2 that +he target's magne+tic amoment
reduces eguation 1.1 intdo a non-~lin=ac
thzree unknowns, r,, r,, and r,. If this s
of equaticn 1.1 <could be manipulat2d into
using several sensors and appropriate
signals, the positicn of the targat couald
for.

This “hesis will develop an approximate
problem by using combina*tions cf <he *“o*al

an idealized multiple MAD systenm.
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Pigure 1.1 Spatial Relationship of Sensor Positioas.
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II. THEORY

The to%al field magnetometer measures tha aagni
the vector sum of the ampien+t magnsz+ic £ield of <he ear+tn
and the magnatic field of 2 magastic dipole =aoazent. The
£ield of the dipole will used t> <rczpresent <he 9wmagnatic
£field of <+he target. Th2 magnituds of the vector sum is
called the *otal field as given by

By <Tepresents the earth's magnetic £ield vac-cr

H o

H &S]
o N

¢t

[XAN S

W

w

d due to a magnstic dipol

rh

1
interest here, the magnitude of the
t

th  Fu
'4
Ll &
o]
‘.J
[

)4
w
'
-
.

han <h2 magnitude of the =arce

's

i
o
W

th
Under csrtaia coaditiens, a useful appreximatiorn <o
+2tal field may be derived fzom tha gsoms«ry show:z in Pigurs

2.1 -

Figure 2.1 Vector Rela“ionship of B't . b, and &.

In <his figur2 a very small vector is added *o a vary lacgs
ona. The vec<ors of Pigure 2.1 ars 10t to scalz. Dy -
be considered several ordsrs of magnitude smaller +than B,.
Th2 applica<«ion of basic geometzic formulas for the sides of

a triangle and the angls pd2tween sidss yialds

3,2 = B2 + by2 - 2b,B, cosf

14
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for the geometry of Figurz2 2,1 . Ia teras c¢cf ® <“his s2qua=zionn
beccmes

3,2

t Be2 *+ by 2 + 2b,B,cos6

The Be2 tarm can be factored out of zhe zight haad sids o
tha equa+ion to produce
By2 = Bg2 {1 + (bq/Bg)2 ¢ 2(by/Be)c258}

Taking the square root yields equation 2.1 .
Bt=8e{[1+(bé/Be)2+2(b¢/Be)cose]Vé} (eqn 2.1)

Since Dby assumption by is auch 1l3ss than B¢, <he <==arnm
(bg/Be) 2 is much less than 2(by/B,)cos8 and can be consii-
ered negligible., This reduces equation 2.1 t¢o

By, =Bg {[ 142 (bg/B,) c0s8]¥2} (2q2 2.2)

Th2 gena2ral expansion formula given by
(1¢xf‘ = 14+ nx + a(n~-Nx2/2t + HYighsr Ord=ac T2ras

can be applield +0 =2quatiocn 2.1 . For tke ca
and x=(by /By )2+2 (by/Bg)cos8. Substituting thes2 values Iato
the gen=2ral expansicn formula gives 2quation 2.1 as

By = Be{1 + .5[(by/Be)2 ¢+ 2(bg/Be)C2s8] )
- 1/8[ (by/Be)2 + (2ba/B,) €0s® )2 + H.J.T.}

Squaring the appropriate <2rm and mulitiplying ¢hrcugh by =zhe
coefficients results ir

8, = B (1 + .5[(by /Bg) 2] + {ba/Bg) 0358 = 1/90 54/B¢ 1%

L
o

s
<
;: The cub2d and higher order +erms will be cocnsidersd *2 be
Y
- negliigible. Droppring <hosa terms and =cszaccanging <h2

remaining ones yields the form

15
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By = Be{! + (ba/Bg)cos@ = .5(byg/Be) 2c0s20 + .5 (by/3,) ?)
Using the relation sin20 ¢ cecs20 = 1, +this raducses tc
B, = Be {1 + (Dg/Be)cCOS® ¢ .5 (by/Bg) 25in2e}

After mul%iplying through by By, the second <erm can be
woitten in tarms of <the dot product S;-E;/Be. This is
reduced to bDye® if the unit vects>r ® is defized as B,/B,
and the resulting equatior is

- :
Bt = B' + ba_'é + -5(b*/3¢)251323

Since by is on the order 3f 1aT while Be is on =h

®
[0}
"
o9
D
[N}
(v}
rh

50,000 1T, <he error tarm involviny =he sine is nagligible.
Por the sta*ed assumptions, egjuation 2.1 can be zep
by

B, = Bg + byee (2491 2.3)

In this thesis, 3, will be assumed constant. In 2ddi<ioen,
+his simulation will assume <hat no aoise exists. Thus, =he
total f::1d magzetometer will measuz2 the anomaly ian <he
ear-h's fisld defined bdy
wal)
S(T) = b, &
. (] - “ N K3 »

In this expression, by reprssents “hz magne-=i field of a

dipole. 31 is defined [(Ref. 3] by “he 2quaticn

—h -> Y N )

bd(f) = -W/r3 + 3 (MeT) T/rS (2qn 2.4)
% is the magne+ic dipole moment in units of aT<-3.
position vecto>r ¢> the field point and is measured in feet,

If by is much less than Be, <than 2quation 2.3 and =2quazion
2.4 resul% in t+he 2quation

16
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S (P)=- (HeS) /L 3+3 (Do) (FeD) /S (2qn 2.5)

This equation is an alternative basis fcr *he d=r
the Anderson's PFunc*ions, found in [Ref. 5]. The Andszcscn
Punctions are a commonly used approximation fozr the signal
. received by a MAD sensor. The ccaputer simulation ia this

th2sis is basead on equation 2.5 dircectly, sircs it is in
reprssentation which is easier ¢c uss than =he Arderson's

function representation of a MAD signal.




III. RATURE OF THE PROBLEN

This thesis will develop and 32monstrate 2ac approxima-
tion that generates a reasonable solution of <hs *arget's
position relativa to a platform bearing several "sensozs" %o
"peasura3”® <he mgnetic signal as <+he platfora makes 2
straight line eacounter near the targzsct. The assumprions arce
as follows:

1.) The dipole equation is a valid representazicn o

th

the magnetic £:21d of +h2 target.

2.) by is several orders of magni*ude smallsr than 3,.
3.) Measuram2n“s are done using only straigh: lire en-
counters.

4.) The targe*t's magne*ic dipole moment is a kaown
vector.

5.) The earth magnetic field vector is known.

6.) The gradieat of the ear+th's £iz=ld is zerc.

7.) No magnetic ncise of any kind (2nvir-onmen:, senscr,
etc) 2xists.

8.) The measurements are criant2d along €our 1lins

/7]

which are oriented with respect to> the flight path a

n

shown in Pigur=s 1.1,

Since the dipole 2quation is writ4zn with th2 moment a+ <he
origin of a cocrdinate systanm, th2 calculations of the
signal fi2ld values used in the simulazion are made wizhk the
target located at the origin. As will be gseen, <the p-ogranm
performs a coord:iate transformation in order to produce the
output of «arjet position relative <o the platform. frer
this coordinate *ransformation, *hs origin is located at %he
sensor platform and moves wizth it,

The <£five nmeasurements are aade along £fou- sepacate

flight paths, so only four differenc "sensors" are involvad,

18

RPN P S e B e o Nt M A A B e e talatataiataroeom. we el o

L aRRE Sl et T Y




YT A AP A T
el E‘I. af o e ‘_' e, v-‘ NN I A

A -

) .' B \. ’-\.“w.j-.,'.."-‘

------ i AT ST WS VNS SO ) e e A ma Ty

Sensor 4 could be replaced by induciag a time delay in <he

measursnent of seasor 1. The signals g=pnerated at thss

1

acasurement points ars measured at 3ach time step. The posi
tion vectors can all be described relative *o <+he origir,
located a* ths targe:, 3in terms d5f the position vec*tcer cf
sensor 1. The measured signals ac= represantsd by <the
following equations:

S(FV)=- ((agragtug) (21)2-3 (mxeny+nz) (x5075423)} /013

S(T2) =- ((mgagrng) (r2) 2-3 (axenfy-d]enz) (xep[ y-d1ep2q) } /228
s(wﬁ)=-((m&+wn&) (z3)2-3(afx~d J+ay+nz) ([ x-d]epyerzg)} /o3
S (F8) =- ((aspngemp) (r4) 2-3 (ngeny+en[z-d]) (xepyap(z-1]9)}/mus
S(T5)=- ((mgsagrng) (T5)2-3 (afx+d Jeuy+nz) ([ x+d Jepyerzg)} /=55

Fcr converience, the following dummy variables are used in

“he ccmputer program and are d=£fin=21 as:

G = mge,tm,2, +0,3
V1 = 3m.e, - G

V2 = 3(m,e, + m,3)
V3 = 3m,e, - G

V4 = 3(m,e‘ + 2,2,)
V5 = 3m,e, - G

V6 = 3(mze, - My )
s1 = s()

$2 = S(F2)

s3 = s(TI)

s4 = s(Th)

55 = S(TH)

Th2 use of these variables =raduca2s *h2 above equatiens <o
the following form, which are the 32fining equazions for <the
signals in ¢ths siamulation.

St= (V1x2+V2xy+V3y2+ VUyz+V522+V6%x2) /T 15
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S2= (V1x2+4V2xy~-V2xd+V3y2-2V3y3+v3d2+V4yz-vidz+V5z2+V6x2) /29
S3=(V1x2-2V1xd+vV1d2+V2xy-V23dy+V3y2+Vu4yz+VS22+4V6x2~-7632) /=35
SU=(VIx2+V2xy+ V3y2+ Viyz-Va yd+ V522-2V523+V542+V¥5xz-TY6x3) /z4S
SS= (V1x2+2Vixd+V1d2+4V2xy+V2dy+V3y2+VUyz+V522+¢V6x2z+V61z) /=55

The unkacwns 2f interest are x, vy, and z, which are celated

to the posi+ion va2ctors as follows:

1 = xT + y3 + 2% (eqn 3.1)
T2 =xt+ (y-4)3 ¢+ 2% (eqn 3.2)
T3 = x-) + y+ ¢ K (2aqn 3.3)
Th = xT + y5 ¢+ (z-d)%k (eqn 3.4)
T3 = (x+)T + 7T + zk (eqn 3.5)

To linearize +the problem i4t will be assumad +ha* <he
denominaters of the equations for st, s2, 53, 354, and S5
given above are 21l squal to r, i.e.,

T =11 =1r2= 123 =14 =1¢5
Tha equations for st1, S2, S3, sS4, and S5 with the denomina-
tors equal can then be subtract2d £-om one another to yield
the followiag:

$2=-53= {(V2=-2V 1) x+ (2V3=V2) 7+ (V4=V6) z+ (V1-V3)d} (-d/cS)
S2-S5=((V2+2V1) x+ (2V34V2)y+ (V4 +V5) z+ (V1-V3)d} (-1/19)
S3-S1= {2V1x+V2y+V62-V1d} (-d/=95)

$5=51= (= 2V1x~V2y-V6z-V1d} (-d/T5)
S3-54={(2V1-V6) x+ (V2-V4) y+ (V6-2V5) z+ (V5-V1) d} (-d/T5)
SS5=S4= (= (U 1+7V6) x = (V24VU) y=- (V6+275) z+ (V5=V 1) d} (-d/=5)

Since +he d2nominators are assumed £ bz identicali, iI these
six eguations are divided in pai:cs the <coefficients
involviag <he aon-linear <5 term 12l “he qgquan+ity 4 are
canceled ou=*. This results iz tha £oilowing equations zha+

define th2 new variables A1, 12, anl A3 as

A1 = (52=53)/(S2-55) (eqn 3.5)

A2 = (S3-51)/(S5-51) (eqn 3.7)

A3 = (S3-54) /(S5-54) (292 3.8)
29
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Defiping *he £291lowing variablas for cnaveniancs,

C1 = A1(V242V1) - (V2-2V1)
C2 = A1(2V3+¢V2) - (2V3-72)
C3 = A1 (V4+V6) - (V4=V6)

K1 = [ (V1-V3) - A1(V1-v3) )4
C4 = A2 (2VY) + 2V1

C5 = A2(V2) + W2

C6 = 12(V6) + V6

K2 = (V1 - a2(V1) }4

C7 = A3(V6+2V1) - (V6-2V1)

C8 = A3 (V4+V2) = (Vu=-V2)
C9 = A3 (2V5+V6) - (2V5-V6)
K3 = [ (V1-V5) - A3(V1-¥5) )&

equaticas 3.6 - 3.8 can be writ=er in the following form zas

Cix + C2y + C3z = K1 (sqa 3.9) i
C4x + CSy + C6z = K2 (egqn 3.10) i
C7x ¢ C8y + C9z = K3 (eqr 3.11) ;

These three equations are linear in terms of x, y, and z. In
addition, +ha2y ares 1linearly irdepandent as sheown by using
tke program in Appendix B. A sampls cutpu~ damons“rating the

A linear independence is shown in Appendix C. Since they are
: linearly independent, Cramer's Ruls can be used to solvs
d equations 3.9 - 3.11 for ¢, y, and z. The computeTr progman
;; in Appendix A was writter in <*erms 9£ =zhese 2qua*ions. The

praogram assum2s that +the magnitude of th2 *arge+'s magaeiic
moment is 5x108 nT£+«3, A represeatative momea* was selec==d
by using the values listad by Fromm in [Ref. 2], #ho lists a

F! mcment of 108 ¢o0 2x108® cgs units f£5r a submarine. One cgs
. unit is approximataly 3.35 ~Tf*3, The value usedi in =he

program is a rounded ou<+ average of Fronm's valuss.

Computations are done using the standard convention with <ha
i‘ target dipole at the ozigin. However, as indicated earlier,
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A. GENERAL

The program in Appendix B was writtan %95 check whether
the results generatsd by the approxima+ion =quz+<ions were
reasonably close to the actual cs3drdinates of the %arget.
The program was modified intc the form shewn iz Appendix A
to graphically provide a comparison batwesn the calcula%ed
and the actual position coordinates., Initial parameters for
*he knowns ir the equations w=2ra2 2 platzform heading of 300
magretic, an earth £ield vector of 770 Jowa from the hori-
zontal, anda +target dipoles momeat vector with a vaz-+ical
ccmponent 509 down from the horizontal and a2 thorizontal
component orisnted 3559 from magnstic norzh. These initial
parameters have no special significzance, and msraly repre-
sent a convenient starting poiat. As discussed earlier, <the
magnitude of the target 3dipolas mom2nt was se~ a% the value
of 5X108 nTf+3, The spacing bztw=2en msasurement positions,
d, was takzn as 50 feet, and th2 platform passed direc:ly
overhead the target a+ 1000 fze+t. This and all subsequenc
runs werse startad at 5000 fee: prior o CPA (clcses* point
of avoproach) with the pla*form aivaaciag 50 £=2e+ per time
step. One position calcanlation was complated a: <2ach “ime
st2p, *he simulation ceasing waen t-he platform was 5000 feet
past CPA. For interpre+tation purposes, <calculated target
posi+*ions are shown as the sa2rsor platfora moves 10,000 fee:

past <+he target in a straight lins -encoun<ez, with CPA
occurring a+ the 5000 £oot point. N2ithaz the CPA nor +*he
target's location are in any way coansidsrel known in the

N localization oprocess. How2ver, as th2 1azea J2f interest is
.

- W

!
b +32 behavior o€ the simuia*tion <losa =5 C2a, ~he clcses+
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X POSINON

Pigure 4.1 Initial Run, x position.

pcint cf approach is always cemtersd in +hz follcwiaag

€igures.
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Y POSITION

§
4
—

i

Y =o==>
{
2 I

i -30004
. —4080 -
-3000 Y ==y ~r" r— Y Y Y T <
O 1900 2000 3003 4000 8000 980 0900 9000 19080
DISTANCE ALONG TRACK —=——>
LEGEND
© = CALCULATED
& = ACTUAL
- . Pigure 4.2 Initial Run, y position.
. Frcem the orienta+tion of the c2ordiizate syszsm shown in
- Figur2 1.2 , z is in <he direction of £1light, vy is straigh+
o down, 2nd ¥ is off the right sids o>f <th2 olatform. Sirca
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= Pigure 4.3 Initial Run, z position.

¢
5
®

this thasis investigates straight liae enccuntars only,

[H
]
Wt

- x(actual) and y(actual) cocrdinatas will ramain cons*

-3
j= o
N

throughout any zun for ths coordinate oriantaticn used,
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CORRECTED Y POSITION

Y——>

-1000+

~2000-

~3000

i
J

Pigure 4.4 Initial Run, coirected y position.

4

five measures2nts will therefcre bs nade witi their respec-

=
.
K

+ive x 213 ¥y coordina*es 2s cons+tants. Th2 z ¢cocrdinata will
vary. This means +that £for <+the ini<ial 9pass d2scribed,

JZ NSNS

. L
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x(actual) would be <constant at z3rs, y(actual) wouli b=
constant at 1J0 fzet, while z(actual) would progress Z:ccm
5000 feat to -5030 feet. PFigures 4.1 - 4.3 show a compar-
ison ¢f the actu1al and calculated <arget positioas as <=he
platform completes the initial run described =arlier. I
will be noted that the calculated and actual x, Yo and z
positions are almost identical at the star+ of the run. This
is a cecincidence. "Crossover" points such as tais occur fo:
all three ccordinates simul taneously during a run, £falling
closer or further away frcm C22, depanding upon the choice
of parameters,

In this inizial run, it is obvious tha: *he "worst"

es-imates occur for the y coordinats. This is less signifi-

cant than it seems at first glancs, however, 2s the y ccor-

dinate is the ver*tical sa2paration batween the platform ani

the “*acget. If the target is submergsd, this value is

LA e e o |

unknown, but the altituds of <the platfcrm is known. The

target can be no cloaser #5 +the platform than this al“i+ude,
siace +he targe+t is physically unz2pble zo riss above <the
ocean surface. As an example, if 3 «args: d2pth of 200 f:zer
is assum2d, the initial y sepacatid 0

alti<ud2 ia this siau
as a bourd oa y, it can b2 seen i g
czlcula*2d position is somewhat improved. A

>

seems that *he particular arrangam=nts rs shown in

A4

s
Pigure 1.1 ddes show promise in the problam of utilizing
this gecmetry of Multipla MAD €£or accurat> 1locaiiza=:zon
purpcses. Accordingly, variations of parame%scs were =rieAi
in order *to da“ermine wha% effect changing “h2a would rLavs.
In all cases, parametzrs not sp2cifically mentioned irn a
sec*fon will —retain the values as £for the 3iai<ial run
desc-ibed above. The siagularity-like beshavisr occuring at
various places on the graphs are a ra2sulil* of =he deterainant
of ~he denomina<tor in *he Cramer's Rule subcoutine having a

value close t za3rs.
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B. HEADING CHANGES

In -his sactisn, the localization process will be ZI:nves-
+igated as a2 functicn of h=2ading. Compared <5 the iai=-zal
conditions described above, <th2 crd>ssover points were found
to be moved fur<ther out past 5000 f=22¢ prior to CPA c¢n a
hesading of 00, While a specific example of this is not
shown, +he behavior c¢f th2 crossovsr points for the pla<fornm
headings of 300 and 609 may be observed by comparing FPigurss
4.1 - 4.4 to the rcespective portions of Figu-=s 4.5 . The x
position estimates were bettar for a North-South hz2ading
+han for any 2ther platform headizg, although -he 2stimates
on East-West headings wers also very good. PFor a 900 heading
thare are two crossover points located equidistant a< 1200
feet from CPA., Calculated positions on all h=adirgs ace
generally gcod, excepting *hose a-cund 609, where <“he x
estimates shows a large discrepancy at distances greacze
+han 3000 feet prior to CPA. The y 2siimates are no= signif-
icantly affect2d4, but the z estimates are good only wi<hia &
1200 f=2e+ of CPA. ©Nevertheless, 2av2a in +this worst-cass
situation, r2asonable calculat*2d <c¢oordinates are availabls

calization 21long a significaat pdcticn of =h cack.
£or local t long £icaat ¢ the ¢t k

D

As shown in Pigures 4.5 - 4.8, headings in *he guadran+
00 - 9090 reasonably describe what aappens on any headiang, 2as
the graphs for analogous headings (509, 1200, 2400, ani 3000
ia this example) have similar shapes, although =-he cr-iar<+a-
“icn may differ between quadran*s. These sinilazities 2ce
apparently du2 tc <«he fact <ha*t analogcus hsading ia qu
rants 1 and 3 and guadrants 2 and 4 ac2 in fact zecioroca
headings, and so one would =xpect <h:s 3Jraphs =5 maintain ¢4
same shape; howaver, the endiag poiat 5f one would cepres
the star+ing poiat o¢f the other. Th2 rcelactisnship betw
adjacent quadran+s pzobably exists for similar- -2ascna.

29




C. TARGET DIPOLE MOMENT CHANGES

In +this section, <+he horizontal component of B was
oriented in the 00 (magnetic North) direction vice 35590, and
the vertical component of @ was varied. The bost positioning
was obtained for @ oriented vertica2lly up,i.z., no hori-
zon*al componant, arnd aa a2xample £or +hat case is shown in
figure 4.9 . Poor positioninpg was ob-iiased for “he vertical
component 0f 3 poinzing betwean the horizomtal a
The vorst case shown is Figure 4.10, wherzs ¥ is oriented
herizon<ally pointing due 20-%h. Witk thae moment oriented at
an angle below the horizontal, reasonable positioning es<i-
mates ware obtained. Thare was lz2ss variabili+ in posi-
tioning for moments pointing below th2 horizon:z *han for
those poin*ing abova the horizeatal.

The results €£or variations 4in the orientecicn of <he

target dipole momen*t suggesis that th2 positioning estima*ss
are less sensitiva *0 momen*t orientation <chauges in +he
horizon+al plane as compared *0 tha vertical rlane. For

exampla, by keeping the vertical component of @ constant at
an angle ¢f 500 down whila varying tha horizerntal compcnent
Erectior it was fcurnd that *ths horizontal <componert
affected the positioning mauch less than varciatiorns in +he
vertical. 1Illustrated in Pigure 4.11, <he x =zs*+imates of
position improve as +the horizontal component approaches the
pla<fcrm hsading, while the y 2s+timat2?s iaprove as +“he hozi-
zcntal componeant apgroaches alignm2nt wi<h magre+ic Nor+h.
The latter case is not shown.

D. CHANGES IN SENSOR SPACING

Changing the Inter-seasor spacing had at @mos*t a w#eak
effect upon the pcsition ou+put, =2v2n wizh spacing as shore
as 5 feet or as 1long as 200 feet. This would be 2xpescted in
a compu=er simulaticn whzre sufficient precisioson is

30
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For 2 spacing as gr=2at as 1J)0 f=22% sdOonz 2€6Z:c-
becamz notizable, In +he r22l]l 45vld, s2nSOT Spaziny wWo-ulz

-

influznc2? *hs localiza*icn es“ima+es.

’
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E. ALTITUDE CHANGES

Caariam s SaCh e s o
P .

;

For a s*raight cverh=2ad pass, posi«ioning infezomation

appesars best if a pass with a 500 to 1000 foo=- separa*icn

ketwsen “he targat and +the platforn is made a% CPA. At
greater altitudes, the accuracy suffars slightly with “he
increase in altitude, while a+ lessar ranges, uasable posi-
tioning information is ob<tained only rcslatively close =2
CPA. Por example, for 2 vartical savara+*ion of 4J0 fce+,
posi+ioning data was very inaccurat2 a* slant ranges greaer
than 1000 feet,

F. NON-OVERHEAD PASSES

This program gives poor resual:is for passes -“ha+ are nct
direc+ly over o1 directly >£ff %o ons side ¢f the *arger. The
Wwors* si+tuazion observed in any wvariation is illus=rated in
Pigure 4.12 . To g=2n2rat2 =his fijurz, 3 pass was made suck
tha* <%<hs actual x coordinate was approximately =2qual “c the
actual v cocrdinats. The bes* positicning was achisvzg by
ovarhead passes, but low off <o the sile passes car yizli
gosd results as wall.

G. AVERAGES

The averages <c-2sulting from 3 namber 9£ rcuns are
orassatad in Tablsa I . Thes2 selzct24 averages, coverinag

all of the varia“ions discussed in this chapter, show i1i:zl=2
consistency. This is probably due in part to *the exisszzsac

1))

Ih

of ~he singularities. The variability is also a functicn o
+h2s limits of travel for *the ruans. Yevarthaless, €for most
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cases, *hey d> show reasonable values, and by themselivas 1o
provide limi<ed localizatior data. The problem for inflight
analysis would be to determine the bounds of a run in <the
abssrce of any other targ2t positioning data.

H. IHNPORTANCE OF CONSISTENCY

An important observation resul<ing £fzom the arnalysis of
tha graphs, i3cluding +ho>se not shown as exaampies in this
chapter, is tha< the rat2 of changa of the calculated ccer-
dinates gives some irndication cf the validizy of <he posi-
:! +ioning data. If the x and y graphs have 2 slope closs to
zero, and If the z graph has a slope of =-U450 for <he calcu-

lat2d coordirate, then positioning data is 1lik=ly tc be

comparatively accurate. Tf all <:chree graphs £fulfill <his
condi+icn simult2neously, ¢then positioning data appsars to-

be usable.

I. INMPLEMENTATION

The possible implementation of +*the proczss described in
this <hesis would be to assume a magr2tic momz21% €or the
target, <then ruz the sigral data fthrough ths procassirg *o
generat2 positioning data, and thec compare thase r=2sults to
*those cbtainzed by using the assum2d moment %9 gensTat2 a
signal via *his simula*ion. If the agreemernt be:wear zasulis

e

wars good, cne cculd assume +<ha+ ons had assunmed the correct
+arget moment; if no%t, on=2 would assume a diffsrent moment,
onabla

ard gc¢ <hrouagh the prccass again, until one had 2 reas
target moment, which woculd be wvalid a+ least until <he
target changed <course. 0Osing 2 compuzer +*hese compari
could be made r-easonably gquickly, s> this process aigi

opera*ional pyssibilities.

b
b
-
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V. CONCLUSION

"7 :'Hn INEAEAEELD,
»'..'-‘- '.'.'l.-v-

Por the assumpticns m2de, the positioning =
r2asonable. Blsy, +he averages =iksn o5f <the

4

N R

co
nates as calculated +hroughout th® various runs show =hat
L] t v

the2 x calculation averagss ace ia generail at
500 fee* of the actual x value, whils the wors:z y calcula-

*ion avsrages <=nd to be within 1000 f2et 0f 2he actml y
value. The best calculatsd x and y values w2r2 within 100
and 200 feet, respectively, of the true values.
Trernds observed were as follows:
1. It is best to fly ¢the sensor piatform dir=zctly ovec
ths +“arget, 9r alternatively ¢t> have a ?distantt
(between 1000 and 2000 fo0t) CPA 2ff %+5 o5na side whilszs
airimizing the *“arget *o platfora separation in <the y
direction. The worst situation is when the ta-get is a=z
a point that, a%~ CPA, has a depression anglsz of 450 yizh
respect to the platform.
2. Best vzrtical separations are “pose <that will yieli 2
500 *c¢ 1000 foot vertical distance between *+arge+ zan
platform. Short vertical separations shoulid be avoided
if good localiza“icn is desired.
3. Bes* resul*s are cbrained if headings arc=s nor+thsrly
or southerly. Poor rasults are acaieved wi*h headings
close to 609, 1200, 2400, and 3009, East~-W2s% headings,
while no*t as good as Nor*h-Sou*th, 3o provide good vosi-

-

«ioniag da%a ciose to CPA.

4. Good results may be expect2d if +w1..re is a large
ver+*ical moment, especially if i+ Is vectically up
Poor positioning resul+s are ob=ain2d with :this simula-
*ion if the momen“ has a large horizontal component,
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S. Results are sligh*ly better if th2 target momen< :is
lined up with either the axis 5f flight or wi+h <:e
earth's field, although this effact is often 4domina==d

A suggested apprcach for furzhsr s*udy 3is =¢c i:zjzce
noise in*o the simula“ion in ordsr %¢o s=2e how robust i: is
in <the accuracy of the positicn calculations. IZ <he
results remain reasonable, <this approximation or in al<=rced
form of i+ may one day have real-world applicabili+y.
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APPENDIX C
EXAMPLE OUTPUT OF APPENDIX B

An 2xampls of the ou*put of +*a2 program ina Apperdix B is

shown below. The total output f3r 3 siagle time stszp is
prasented.
SENSOR SL ANT SeNSeD CAL%ULATED ’
NUMBER RANGE SIGNAL SIGNAL
1 5C5069 0¢6054D=C4 0.6054E~-04
2 £06C.1 Qel5596D=C3 Qel 612E-03
3 505062 0.2€6820~C4 Qe2683E-Q4
4 509S.0 Je3940D~=C4 Qe4135E=04
5 £05062 0e93660~C4 0e9363E-04
ECLATION TRUE APPROXIMATE
S2-33 0e1327L~-03 Jei343E-03
S2-355 06€590C-04 De6748E-04
$3-S§1 -e3372C~04 -e3371E~04
S5-8§1 0.:312L-04 0e3314c-04
$3~54 -+1258L-04 - +1452E-04
$5-%4 Ja £426(-04 0e5233E-04
EQNS X Y A
USED PQS POS PGS
123 ACTUAL Q.0 -~ 100000 =4950.00
——————GALCULATED =60a58 _ _=87Q0483 _=41232.91

Th2 first five rows of jata abova ace for +he appreopriate
'sencsor" as indicated, <h2 slant range from %hat sensor %o
+hs target, the received signal as generated by =qua*tion 2.5
ard +he signal that woculd be generated using ths aprrcxima-
tion described in Chapter 3 %o lia2arize +the problem. The
nex* six rows show the resulss >f takianag +he §iffzrances
between the ra2ceived and calculatei (for comparisor pirpesaes
only) signals, 1listed under <the headings ¢f TRUT and
APPROXIMATE, respectively. The £inal +two linz2s <show the

actual cocordinates of the platfora relativs ¢t the target

0O

(the2 coordinate transformation has not been

v
Sn2 at  tals

4]

poiat) as ccmpared to *the calculat2d positiorn.

(2]
(e

1252 are the
points used by the program in Appsndix A to plor the graphs
after the ccordirate <ransformation is comple=ed.
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The seccnd sa2cticn of the output is shown below.

C4VATIIN CINSTANT X
NJ Mbe R COeFFICICNT CGEFFICI:NT vOch;b;:mx
i Je 50D+ U3 -0.300*04 =“Je9cu+Ql JelOwtul
2 =Qe53uw+Q3 Je L4yt Uy Je L30¢00 Ve 24u=ua
3 -JdeB00*I2 -u.4¢D*O¢ “QediSutuc Veddutdl

RATIO o _

172 —Q.QB'_:*Q; ~Qe 22E*+0Q3 =-Qe 7]_.5" e ve3ldoctiec
173 =Ue38c+Jd. Jea4ctyc QeyE+Qy Jedoc+IdV
2/3 Je 44c+01 -Qe £52-0. -0e 6%c=0 2 veibc—ui

Tha first three lines of the output Teprssant <+he cceffi-

cizats of the 3.6 - 3.8 in the £ozm c¢f
CONSTANT = X COEPF(Xx) ¢ Y COEFF(y) ¢ Z COEFF(z). In order *“c

d=2tsrmine the

aquatiors

linear injependence >f “hese 2qua=ions, =zh2

ratios of the cosfficients ars taks2a ia pairs. Since i* maj

be seen frcm th2 last three lines 0% <he sSutpur <zha<=

ratios of th2 <constants and coefficients differ signis
an pe concluded that %h2
This holds

which may b2 verifisd by

cantly fer all thrse equations, it

equations ar2 linearly independant.
+*+hroughou* any givan run,

out all time steps for that =un.
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( APPENDIX D
- CRAMER'S RULE

A. GENERAL

2f linear

[1}]

Cramer's Rule, a m2thod for so>lving system
equations in two 5r more unknowns, <s+%at2s *ha: cach ucnkncwn
can be expressed as the =2tio of <=wo detsrainaces. Tha

general form 5f a solu*ion is showa bzlow.

Ax+By+Cz=0
Ex+Fy+Gz=H
Ixedy+Kz=L
ABC
D = EFG
IJK
x = /D
J K
Cc
v = H /D
b K
- A
3 z = EFH / D
: I
-
N
N B. EXAMPLE
E The following zxample #as <aken fzom [Ref. #4]. Solve:
A 3x-2y+2z=7
.‘.
" X+ y+ 236
¥ 2x- y-2z=2
s 57
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SR L2t D be th=2 4enomina%or.

3 -2 2|
. 1 1 1 = =17
A 2 -1-2 l
" 7 -2 2
- 6 1 1 -51
X = 2 -1 -2 = === = 3
. —————oenee - -17
D
o 3 7 2
. 1 6 1 -34
oo y = 2 2-2 = -s= =2
e ekl -17
D
3 -2 1
1 1 6 -17
zZ = 2 -1 2 2 e~= = 1
e i -17
D
CHECK:
3x-2y+22z=7
3(3)-2(2)+2(1) =7
G-4+2=7
1=7
x+y+z=6
342+1+6
6=6
2x-y=-22z=2
2(3)-2=-2(1)=2
6-2-2=2
2=2

C. SUBROUTINE "CRAMER'S ROLE"™ CHECK

Runairg the values in Section B8 +hrough “he subroutizes
of “he programs in Appendix A ani Appendix B vyielded the
same resul*s as the examdla.
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